Preeclampsia (PE) development is often associated with placental immune and inflammatory dysregulation, as well as endoplasmic reticulum (ER) stress. However, the mechanisms linking ER stress and inflammatory dysregulation to PE have not been clarified. It has been reported that thioredoxin-interacting protein (TXNIP), which can bind with and activate the NLR family pyrin domain containing 3 (NLRP3) inflammasome, plays a critical role in immune regulation. Recent experimental evidence suggests that activated NLRP3 inflammasomes can activate interleukin-1β (IL-1β) production in the placenta of patients with PE. The objective of the current study was to explore if TXNIP plays a critical signaling role linking ER stress with NLRP3 inflammasome activation in PE. We hypothesised that ER stress would induce TXNIP production, which would bind with NLRP3 inflammasomes to activate IL-1β production. HTR8/SVneo cells were subjected to six hours hypoxia followed by six hours reoxygenation (H/R). These cells showed a higher protein level of NLRP3 and IL-1β, as well as a higher enzymatic activity of caspase-1, indicating enhanced inflammatory dysregulation and ER stress. Cells transfected with TXNIP siRNA showed reduced NLRP3 inflammasome activation. Cells treated with 4-phenylbutyric acid, an inhibitor of ER stress, showed a similar result. In addition, the outgrowth of explant with TXNIP lentivirus in H/R or Tunicamycin (inducers of ER stress) was also measured to verify our hypothesis. These findings demonstrated that TXNIP could influence inflammatory dysregulation by mediating ER stress and NLRP3 inflammasome activation in PE. This novel mechanism may further explain the inflammation observed at the maternal-fetal interface, which leads to placental dysfunction in a patient with PE.
Introduction
Preeclampsia (PE) is a pregnancy-specific disorder which is one of the leading causes of morbidity and mortality in mother and baby [1] . Pregnancy is a state of controlled mild maternal systemic inflammation: imbalances in this inflammation at the maternalfetal interface (placenta) may be involved in the development and/or progression of pregnancy disorders, such as PE [2] . Cytokines and chemokines are known to be the most important inflammatory mediators contributing to maternal inflammation. In PE, trophoblast cells express inflammatory cytokines including interleukins (ILs), such as IL-1β [3, 4] , which have been shown to mediate maternal endothelial dysfunction and regulate cytotrophoblast invasion in vitro [5, 6] . It has ben reported that the production of IL-1β was elevated by NLR family pyrin domain containing 3 (NLRP3) inflammasomes via caspase-1 [7, 8] , and thus an increase in NLRP3 will lead to the increase of IL-1β, an important inflammatory marker of PE.
NLRP3 is also known to be involved in the downstream cascade of endoplasmic reticulum (ER) stress [9, 10] . ER stress is a rescue response when the cellular secretory pathway is overwhelmed by large secretory loads and leads to the accumulation of unfolded/missed proteins within the ER lumen [11] . This cellular stress aims to restore normal cellular function by slowing protein translation, breaking down misfolded proteins, and increasing the production of molecular chaperones [12, 13] . Under ER stress, thioredoxin-interacting protein (TXNIP), a binding protein of thioredoxin that modulates its antioxidant functions, can bind and activate NLRP3 inflammasomes to slice procaspase-1 to its active form, thus triggering maturation and secretion of the inflammatory cytokine IL-1β [7, 9, 10] . If ER stress remains persistant, abnormal cellular inflammation and apoptosis will occur [14] .
Although the role of ER stress in the pathogenesis of PE has been reported, research into the interaction between ER stress and inflammation in PE is limited. In this study, we hypothesise that TXNIP acts as a bridge linking ER stress and inflammation, by mediating ER stress-activated NLRP3 inflammasomes in trophoblast cells of women who develop PE.
Materials and Methods
This study was approved by the Ethics Committee of The First Affiliated Hospital of Chongqing Medical University, China. All patient-derived tissue samples and data were obtained with written informed consent.
Study population
Our study was conducted in two parts. Firstly, we enrolled 30 independent pregnant women into this study from the Department of Obstetrics and Gynecology at The First Affiliated Hospital of Chongqing Medical University between the 1 st December, 2013 and the 1 st October, 2014. Among the pregnant women included in the study, 15 were diagnosed with PE and the other 15 were normotensive pregnancies without essential hypertension, cardiovascular disease, diabetes mellitus, metabolic diseases, or preexisting renal disease. The recruitment of PE patients for this study was based on the diagnostic criteria outlined by the American College of Obstetricians and Gynaecologists (ACOG) [15] . PE was defined as a maternal systolic blood pressure ≧ 140 mmHg and/or a diastolic blood pressure ≧ 90 mmHg, measured on two occasions separated by at least six hours; and proteinuria of qualitatively > 1. Placental samples from PE and control participants were obtained from elective non-labored cesarean deliveries. Three small pieces of tissue in separate lobules were collected from each placenta (avoiding the calcification region), and rinsed three times with phosphate buffered saline (PBS). Samples were snap-frozen in liquid nitrogen and then stored at-80°C until further analysis.
The second part of the study included the enrolment of 10 independent pregnant women without any complications, who had chosen artificial abortion between 6-10 weeks of pregnancy. We collected villus from those women. Once acquired, the villus was rinsed three times with PBS. The samples were stored in icy PBS, and seeded to our lab within one hour for subsequent processing.
Reagents
Tunicamycin (TM) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd (S17119). 4-Phenylbutyric acid (4-PBA) was purchased from Sigma-Aldrich (P21005).
Cell cultures and treatment
HTR8/SVneo is a mammalian transformed primary extravillous trophoblast cell line that was kindly provided by Dr. C. H. Graham (Queen's University, Kingston, ON, Canada). HTR8/SVneo cells were cultured in RPMI1640 (Gibco, USA) containing 10% fetal bovine serum (Gibco, USA). Cells were treated in hypoxia (1% O2) for six hours followed by six hours of reoxygenation (20% O2) to mimic the hypoxia-reoxygenation in the placenta of PE [16, 17] . Some cells were treated with TM (5μg/ml) for eight hours or 4-PBA(5mmol/ml)for four hours in normal conditions. Cells were then harvested for further studies.
Extravillous explant culture and treatments
The explant culture was performed as described previously [18, 19] . In brief, 2 mm placental villous tips were dissected from first trimester (6-10weeks gestation) human placentae and cultured in a 48-well plate, which was pre-coated with 100 μl of diluted matrigel (BD, USA). The explants were cultured for four hours in DMEM/F12 with 20% FBS and 100 IU/ml penicillin. Once the explants were anchored on matrigel, different treatments were administered and explants were incubated in a 5 % CO2 incubator. The distance of the EVT cells migration was assessed by an invert stereomicroscope (Life Technologies, USA) after 24 hours.
Immunohistochemistry
Firstly, the paraffin section was deparaffinised and then rehydrated. The paraffin section was further quenched in 3% hydrogen peroxide for 20 min and then incubated in goat serum for 30 min. The slides were incubated at 4°C overnight with polyclonal rabbit anti-BIP antibody (Abcam, USA), monoclonal rabbit anti-TXNIP antibody (Abcam, USA), or monoclonal rabbit anti-NLRP3 antibody (Cell Signaling Technology, USA).
The slides were rinsed with PBS and then incubated with goat anti-rabbit IgG for 30 min at 37°C. DAB (ZSGB-BIO; China) was used as the chromogen and hematoxylin (Sigma, USA) was used for nuclear counterstain. For negative controls, the primary antibodies were omitted. Experiments were repeated at least three times. Images were acquired using EVOS FL Auto Imaging System (Life Technologies, USA).
Immunofluorescence (IF)
After treatment, the cells were fixed with formaldehyde (4%) and blocked with goat serum (Sigma, USA), then incubated with anti-IL-1β antibody for 24 hours (Abcam, USA). A fluorescein second antibody (Santa Cruz Biotechnology, USA) was then incubated for one hour at 37°C. Vectashield Mounting Medium with DAPI (VECTOR, USA) was used for nuclear staining. Images were acquired by fluorescence microscope (Life Technologies, USA).
siRNA transfection
To specifically decrease TXNIP expression in HTR8/SVneo, the cell line was transfected with siRNA against TXNIP (ACAGACUUCGGAGUACCUG). Scrambled siRNA (UUCUCCGAA CGUGUCACGUTT) was used as a negative control. Cells were incubated in the transfection medium with 100 pmol of scrambled siRNA or TXNIP siRNA for eight hours according to the manufacturer's instructions, then left to recover in complete medium for 48 hours. TXNIP expression was then assessed by western blotting.
Lentivirus transfection
To decrease TXNIP expression in placental explant, the explant was transfected with lentivirus against TXNIP (GGATGTCATTCCTGAAGAT), using the lentivirus (TTCTCCGAACGTGTCACGT) as a negative control. The explants were incubated in the transfection medium with 80 titers of TXNIP lentivirus or the negative control lentivirus for 72 hours according to the manufacturer's instructions. TXNIP expression was then assessed by western blotting and the invasiveness of the explant was assessed using the transwell invasion assay. 
Western blotting

Immunoprecipitation
Cells were lysed in cell lysis buffer for western blotting and immunoprecipitation (Beyotime, China). Cell lysates were centrifuged at 14,000 g for 10 min at 4°C. After removing sediment, the protein concentration of the supernatant was determined using a BCA Protein Assay Kit (Beyotime, China), which switched the concentration to 1 μg/μl. A 200 μl suspension was incubated with a 1:200 dilution of rabbit anti-NLRP3 antibody overnight, at 4°C. Then 40 μl Protein A/G Agarose (Beyotime, China) was added and incubated for additional four hours in a shaker, at 4°C. After washing it with PBS five times, the immune complexes were boiled in sample buffer. These samples were then immunoblotted with rabbit primary antibody, as previously described.
HTR8/SVneo transwell invasion assay
24-well plates were used as the outer chambers of the Transwell chamber (Millipore, USA). The Transwell chamber was coated with 60 μl of matrigel (BD, USA). 1.0×10 5 HTR8/SVneo in 200 μl serum-free media were seeded into each of the transwell chambers and 600 μl medium with 10% FBS was added to the 24-well plates. After 48 hours of incubation at 37°C, the cells on the upper surface of the transwell chamber were removed with a cotton swab and the invasive cells were fixed with formaldehyde (4%) for 10 min and then stained with 0.5% crystal violet. A light microscope (Life Technologies, USA) was used to count the number of migrated cells, and the experiment was performed in triplicate.
Real-Time invasion assay
Real-Time invasion assay was performed as previously described [20, 21] . suspension was seeded into the upper chamber. After cells were standing for 30 min, the CIM plate was placed in the RTCA-DP analyzer to record the electrical impedance every 15 min for 48 hours. The invasion data was analysed in the RTCA software.
Proliferation assay
HTR8/SVneo cells were seeded in cell culture E-plates at a cell density of 4,000 cells per well, and incubated overnight in culture medium at 37°C and 5% CO2. Cell count was performed using TC20TM Automated Cell Counter after cells were treated with TM, 4-PBA, or TXNIP siRNA. The cell growth curves were automatically recorded on the xCELLigence system in real-time. The cell index was followed for 48 hours.
Caspase-1 activity assay
After treatment, HTR8/SVneo cells in six wells were collected and lysed. Caspase-1 activity assay was performed using a commercial Caspase-1 Activity Assay Kit (Beyotime, China), according to the manufacturer's manual.
Statistical analysis
All data was expressed as mean ± standard deviation (SD). T-tests were performed to test for differences between the control and treatment groups. Statistical analyses were performed using GraphPad Prism software (version 5.0). P < 0.05 was considered statistically significant.
Results
The expression of inflammatory and ER stress biomarkers were elevated in PE placentae
To investigate whether inflammation was raised in the placenta of women with PE, the expression of apoptosis-associated speck-like protein (ASC), TXNIP, and NLRP3 was assessed using immunohistochemistry in normal and PE placentae. The results in Fig.   1A visually demonstrate that the protein expressions were increased in the placenta of PE, when compared with the normal placentae. Furthermore, we used western blotting to show the specific levels of NLRP 3, activity of caspase-1, TXNIP, and ASC (Fig. 1B,   Fig. 1C ). BIP, a biomarker of ER stress, was observed in higher levels in PE complicated placentae, implying increased levels of ER stress. TXNIP is known as an ER stress downstream effector. Taken together, increased levels of TXNIP and BIP suggest that ER stress and NLRP3 inflammasome activation are associated with PE.
The relationship between ER stress and inflammation in HTR8/SVneo cells
To identify the link between ER stress and inflammation in trophoblasts, tunicamycin (TM), an inducer of ER stress, was administered to HTR8/SVneo cells. The data showed that TM treatment resulted in the upregulation of NLRP3 expression ( Fig. 2A) and Caspase-1 activity (Fig. 2B) . On the contrary, the addition of an inhibitor of ER stress, 4-phenylbutyric acid (4-PBA), suppressed NLRP3 expression and Caspase-1 activity in HTR8/SVneo cells. Similarly, HTR8/SVneo cells subjected to six hours hypoxia and six hours reoxygenation (H/R), an in vitro cellular PE model, enhanced NLRP3 and BIP expression. Moreover, the activity of caspase-1 was promoted by H/R.
The effect of H/R was partially antagonized by the addition of 4-PBA ( Fig. 2A) .
ER stress enhances TXNIP activation and NLRP3 inflammasome formation in HTR8/SVneo cells
To investigate whether ER stress induced TXNIP activation and NLRP3 inflammasome formation in trophoblast cells, HTR8/SVneo cells were treated with TM. The treatment resulted in an enhancement of the interaction between ASC, NLRP3, and TNXIP.
Similarly, H/R also induced TXNIP-ASC-NLRP3 co-formation in HTR8/SVneo cells ( Fig. 3A, Fig. 3C ). To further explore the role of TXNIP in PE-associated ER stress, TXNIP expression was knocked down in HTR8/SVneo cells by siRNA (Fig. 3B) , and then the cells were treated with TM or H/R. The results demonstrated that TXNIP siRNA partially inhibited NLRP3 inflammasome activation and ASC, in the presence of TM or H/R (Fig. 3C) . Lastly, levels of NLRP3's downstream target IL-1β was increased following either H/R or TM treatment, when compared to the control group ( Fig. 3D ).
TXNIP impacts the invasion and proliferation of HTR8/SVneo cells
To determine whether increased ER stress and the microenvironment of H/R influence the invasiveness of the trophoblast, HTR8/SVneo cells were analysed using a transwell assay and Real-time cell analyser. The data showed that the number of migrated HTR8/Svneo cells was significantly reduced in the presence of TM. However, trophoblast invasiveness was partially restored by siRNA transfection (Fig. 4A ).
Furthermore, we found that HTR8/SVneo cells proliferation was dramatically compromised by TM, but significantly improved by silencing TXNIP. However, siRNA TXNIP failed to antagonize TM-induced inhibition of proliferation in HTR8/SVneo cells (Fig. 4B) .
To validate the above findings in a PE model, the traditional transwell assay was performed. The results demonstrated that both H/R and TM significantly impaired HTR8/Svneo cells invasion, while siRNA TXNIP reversed such inhibition (Fig. 4C) , which is consistent with the data gained from the Real-time cell analyser. Taken together, these data strongly suggest that TXNIP is critical for ER stress-induced inhibition of trophoblast invasion.
BIP，TXNIP，and NLRP3 expression in placental explants
To validate our findings from cell experiments, the changes of BIP, TXNIP, and NLRP3 were further examined in first trimester placental explants. Both H/R and TM induced the overexpression of BIP, TXNIP, and NLRP3 (Fig. 5A ). However, only lentivirus TXNIP reversed the overexpression of TXNIP by H/R and TM, while lentivirus NLRP3 had little effect on NLRP3 overexpression induced by H/R and TM (Fig. 5B ).
H/R-reduced outgrowth in placental extravillous explants is mediated by TXNIP
The first trimester placental explants were also subjected to outgrowth experiments. As shown in Fig 6. (A, B , D, E), both H/R and TM treatments compromised explant migration distance. The inhibited placental explant outgrowth by TM treatment was restored in combination with lentivirus TXNIP treatment. However, this result did not occur in H/R treatment (Fig 6. B, C, E, F) . This result confirmed our previous findings in the HTR8/SVneo cell transwell experiments, indicating that ER stress inhibits trophoblast invasion through TXNIP, suggesting a potential causative relationship with PE development.
Discussion
The role of ER stress in the pathophysiology of PE has been reported previously [22] .
In response to the accumulation of abnormal unfolded and misfolded proteins, ER stress mediates several intracellular signaling pathways to induce trophoblastic apoptosis and inflammation, and is thought to be an important feature in the placental pathogenesis of PE [23, 24] .
PE is commonly perceived to be associated with inflammatory dysregulation, and thus signaling pathways related to IL-1β production have been proposed to be linked to PE development [25] . In this study, we have shown that BIP, an ER stress biomarker, as well as the upstream markers of the signaling pathways of IL-1β (e.g. ASC, NLPR3, caspase-1) were increased in PE placentae when compared to normal placentae. These findings demonstrated that ER stress and inflammatory dysregulation were elevated in PE. Despite two seemingly independent mechanisms, consistent changes in ER stress and inflammation were observed in the PE placenta. When we investigated ER stress and signaling pathways associated with IL-1β, TXNIP was found to act as an intersection between ER stress and inflammation, and similar findings have been documented in other diseases [26] . Previous studies demonstrated that ER stress induces TXNIP production, which is a thioredoxin (Trx) binding protein involved in the modulation of cellular redox status by binding and inhibiting Trx [27] . TXNIP is known to be a critical component of the cells antioxidant system and evidence suggests that it is important for activating NLRP3 inflammasomes under oxidative stress [28] .
Based on these findings, we proposed ER stress and inflammatory dysregulation may be linked by TXNIP. In contrast, the expression of all the proteins investigated were decreased when 4-PBA (ER stress-suppressed model) was added. On the other hand, when TXNIP siRNA was applied, the expression of TXNIP was reduced and its downstream proteins such as NLRP3, active caspase-1, and IL-1β were also decreased in both the PE model and ER stress-induced model. To account for the biological differences between cells and tissues, the trophoblastic extravillous explant was studied using a similar experimental design as performed on the HTR-8/SVneo cells. The outcomes were consistent in the extravillous explants, further strengthening our findings. These results verified that ER stress may modulate TXNIP to activate NLRP3, and as a consequence, result in the inflammatory dysregulation observed in PE. Furthermore, our study indicates that TXNIP is involved in compromised trophoblast invasion, a feature well-recognized as being involved in the pathogenesis of PE [29] [30] [31] . Both the HTR-8/SVneo cells and extravillous explants exhibited reduced invasiveness under H/R and TM treatments, while reduced invasiveness was partially recovered by reversing TXNIP via siRNA and lentivirus.
In conclusion, this study demonstrates the role of TXNIP in ER stress-induced NLRP3 inflammasome activation associated with PE. Moreover, we found that TXNIP was involved in regulating trophoblast invasion. Our research confers that TXNIP is a nexus linking ER stress and inflammation in PE. Future studies should consider validating these results in a larger sample size and using different models of PE. This protein may be a potential interventional target for PE prevention and therapeutic management, warranting further investigation. 
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